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Summary 

This paper presents a numerical investigation on the behaviour of open-web steel beams under high 
temperatures rise due to fire using finite elements simulations with ANSYS software. Cases of study for 
solid parent steel elements as well as castellated and cellular beams are considered and take into account 
uniform and transient temperature rise, material and geometric non-linear behaviour. Input fire is the 
standard temperature-time curve ISO834 fire model and thermal and mechanical analyses are done using 
the effect of temperature dependent material properties according to Eurocode3 part1--2 
recommendations for mechanical steel properties reduction. FE models which estimate failure 
temperatures are presented for two most commonly used types of web opening shapes including, 
hexagonal and circular for simply supported beams under uniformly distributed mechanical loading. The 
study shows that the numbers of web-openings and cells as well as their shapes are critical for the 
behaviour of castellated steel beams under fire conditions. Results are related to temperature profiles in 
steel beam cross-sections, variation of displacements with respect to temperature change and critical 
temperatures. 

Keywords: Open web beam, cellular beam, castellated beam, finite element, ISO834 fire.  
 

Introduction 

In open-web steel beams, holes are designed to fit services and hence avoiding storey height limitation 
dilemma by gaining enough spaces beneath the beams [1]. However, at ambient condition the openings 
induce, substantial decrease of their load carrying capacity [2, 3] and several failure modes [4]. In the case of 
fire steel beams suffer a great reduction of yield stress and Young’s modulus, under the effect of high 
temperatures [5, 6]. Especially for open-web steel beam structures, the elastic modulus of the steel reduces at 
a faster rate than the yield strength causing local instability at elevated temperatures [7].  

At present there is only the design guide addressing beams with web openings at ambient temperature 
known as annex N from EC3 [8]. Under fire conditions; studies on open-web beams cases were to seek 
improvement in design rules by experiments and numerical analyses on isolated members or in redundant 
structures [9, 10].  

There is a need still for research work based on FE analysis to study open-web steel beams under such 
conditions. In this paper, open-web steel beams having 10, 12 and 16 holes are studied under elevated 
temperature with three different web opening geometries, hexagonal and circular. Analyses are done using 
ANSYS [11] finite element models, for solid beam a 3- Node quadrature “BEAM189”, 4-node SHELL131 
for thermal analysis and 4-node structural SHELL181models are used for plain and open-web beams. The 
primal model considers uniform high temperature rise on the steel sections and for the lateral thermal 
analysis is used to account for high temperature change with respect to time under ISO834 fire curve.  
Thermo-mechanical analysis of each model produced critical temperature for each and lateral displacements 
at beam failure as well as Von-Mises stress distribution upon Vierendeel mechanism formation around 
openings.   

Comparison of results for maximum vertical deflections, critical temperatures and failure modes is 
done among the different types of open-web beams.  
 
 
 



Method 

The structural model used this study was developed for three different web opening geometries, hexagonal 
and circular shapes for castellated and cellular beams respectively. A parametric study based on the 
following input data [12] to workout limiting temperatures for numerical models are outlined as follows:  

1. Model Geometry and guidelines 
 
 
 
 
 
 
 
 
 
 
 

The width w of the web post should be at least equal to 130 mm; 
The ratio e/a0 should at least equal to 1.25; 
The ratio h/a0 should be at least equal to 1.25 and not greater than 4.0;  
Where e is the spacing between regular openings and h is the total height of the beam  
Diameter of cells and the width of hexagons is a0 =38 cm and kept constant for all cases.  

The beams of steel grade S355 are simply supported, pin-roller, and subjected to a distributed load.  
A preliminary design at ambient using ACB+ software [13] was conducted to work out the ultimate 

load qult that checks, cross-section resistance at web opening and post locations, shear buckling of the web 
and resistance of the beam to the lateral torsional buckling according to the principles of Eurocode 3 [14]. 
Table 1 is a summary of the dimensions and load design values qEd at room temperature for cases of study. 

Table 1. Open web beams dimensions and loads 

Dimensions CELL10/HEX10 CELL11 CELL12/HEX12 CELL13 
w(mm) 285 220.02 170 152 
e(mm) 665 600.02 550 532 
α=e/a0 1.8 1.6 1.5 1.4 
qEd(kN/m) 73.51 72.84 73.33 72.89 

 
2. Fire and thermo mechanical properties 

Fire curve input is according to nominal fire ISO834, defining gas temperature ߠ௚ in °C, by the 
following equation (Eq.1) with time t in minutes:  

௚ߠ ൌ 20 ൅ ݐଵ଴ሺ8݃݋345݈ ൅ 1ሻ			ሺ1ሻ 

Input of the specific heat of steel material, ܥ௔ (J/kgK), is according to the following equations (Eqs. 2) of 
Eurocode 3 part1-2 [14]:  

20°C ൑ θୟ ൏ 600°C:	Cୟ ൌ 425 ൅ 7.73x10ିଵθୟ െ 1.69x10ିଷθୟଶ ൅ 2.22x10ି଺θୟଷ  (2a) 

600°C ൑ θୟ ൏ 735°C:			Cୟ ൌ 666 ൅
13002
738 െ θୟ

		ሺ2ܾሻ 

735°C ൑ θୟ ൏ 900°C:			Cୟ ൌ 545 ൅
17820
θୟ െ 731

		ሺ2ܿሻ 

900°C ൑ θୟ ൏ 1200°C:				Cୟ ൌ 650  (2d) 

Input of the conductivity of steel material, ௔ (W/mK), is according to the following equations (Eqs. 3) of 
Eurocode 3 part1-2:  

Figure 1. Geometric shapes & Properties of beams with web opening   



20°C ൑ θୟ ൏ 800°C:				λୟ ൌ 54 െ 3.33x10ିଶθୟ   (3a) 

800°C ൑ θୟ ൏ 1200°C:				λୟ ൌ 27.3		ሺ3bሻ 
The input steel mechanical behaviour under fire condition follows the stress-strain relationships given 

in EN1993-1-2 [14] and in all simulations a nominal value for the structural strength fy20 of 355 N/mm2 
for open-web steel beams. 
Simulations on ASYS software are performed first for thermal transiant analysis using SHELL 131 finite element 
followed in second by mecanical analysis using SHELL 181 finite element to get critical température at failure. 

 

Results 

For the case of solid beam parent element thermal analysis results is presented and a comparison is 
made with analytical approach.  

The finite element thermal transient analysis shows steel temperature curves on both flanges and web 
which are plotted against Eurocode3 steel section uniform temperature figure 12. For mechanical analyses 
for solid beam, the shell finite element model is based upon transient thermal analysis producing non-
uniform temperatures within the beam cross-section.  

For the case of cellular beams, the study considers different number of apertures referred to as 
CELL10, CELL11, CELL12, CELL13, resulting in different spacing ratio α which obeys to the prescribed 
geometry limitations.  

Results from thermo-mechanical analyses of cellular and castellated beams, in terms of critical 
temperatures, times and mid-span deflection are summarised in table2.  

Table 2. Structural finite element fire analyses results for cellular and castellated beams for fire load η=0.6 
 

 
 
 
 
 
 

Plots of mid-span deflection and a comparison of fire resistance of cellular and castellated beams are 
illustrated in Fig. 2.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Mid-span deflection for open-web steel beams 
 

Beam type  CELL10 CELL11 CELL12 CELL13 HEX10 HEX12 
tlim (min) 14.95 13.93 12.38 10.47 13.65 12.52 
Θlim(°C))(web)  717 704 685 659 702 689 
Mid-span deflection(cm) 16.44 16.83 13.03 11.66 20.37 15.91 

(a) Cellular beams  (b) Comparison cellular vs catellated beams 



Discussion/Conclusions 

Fig.2(a) shows that the fire resistance decreases with the opening spacing ratio α. Fig.2(b) shows that 
the cellular CELL12 performed well compared to the castellated beam HEX12 while its opening area is 
slightl greater.  
Mechanical analyses results for the solid beam shows  a higher critical temperature of 705°C compared to 
626°C of EC3 simple calculation. The corresponding limiting time is 16.6 minutes with a maximum vertical 
displacement of 27.4 cm.  
Table2 shows that critical temperature decreases as the number of openings increases and that the maximum 
vertical displacements are higher for higher number of holes in the web. 

The behaviour of steel beams with web apertures under fire condition is complex and the aim of the 
paper is to presents a numerical investigation to evaluate their performance at elevated temperature using 
ANSYS software. Finite elements models using shell elements were developed to work out major design 
parameters in terms of critical load, limiting time, critical temperature and mid-span deflection encountered 
during the structural beam response under fire. The simulations helped to monitor these parameters in fire 
condition considering both material and geometrical non-linearity. At room temperature the cellular beams 
were satisfactory checked for both to plastic and instability resistance criteria using ACB+ design tool [?]. 
Under elevated temperatures the finite element thermal analysis shows that web post temperature is higher 
than in the solid beam and that it gets extra heat from the opening edge. Mechanical finite element analysis 
predicted Vierendeel bending failure for higher α values and web post buckling for smaller α value. 
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